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Fuel c e l l  research at t h e  I n s t i t u t e  of G a s  Technology began in 1959.- 
Using the work done by Broers ( 2 )  on t h e  molten carbonate Ngh-temperature 
f u e l  c e l l  as a s t a r t i n g  point ,  IGT has concentrated a la rge  port ion of its 
e f f o r t  on f u r t h e r  development of this system from both a fundamental and an 
engineering viewpoint. 
ra tory,  through 1960, have been described elsewhere (11). 

natura l  gas operated, molten carbonate fuel c e l l  system has been in f i v e  
areas : 

Background material and earlier work from this labo- 

During t h e  past  2 years t h e  research and development e f f o r t  of IGT on a 

Electrode evaluation and design 
e Paste e lec t ro ly te  development . Natural gas reforming 

Battery design and scaleup 
Economic evaluation 

In  this paper t h e  r e s u l t s  i n  these f i v e  areas are summarized. All f i v e  areas 
are strongly i n t e r r e l a t e d  and interdependent, and each combination of elec- 
t rode,  e lec t ro ly te ,  reformer, and ba t te ry  design gives r i s e  t o  d i f fe ren t  
fundamental requirements f o r  one o r  more of t h e  individual  components. Any 
given design w i l l  a f f e c t  the economics of t h e  fuel c e l l  system. 

In his economic analysis  of domestic f u e l  c e l l  systems, von Fredersdorff 
(12) has indicated some of t h e  l imi ta t ions  on fuel c e l l  hardware costs .  It 
has been an important p a r t  of this research t o  e s t a b l i s h  t h e  f e a s i b i l i t y  of 
economic hardware f o r  na tura l  gas operation. 

ELECTRODE EVALUATION AND DESIGN 

Almost a l l  f u e l  c e l l  e lectrodes must possess t h e  same general  character- 
i s t i c s  of high e lec t roca ta ly t ic  a c t i v i t y ,  good mass t ranspor t  propert ies ,  and 
long-term physical and chemical s t a b i l i t y .  In  t h e  Ngh-temperature molten 
carbonate system, t h e  a c t i v i t y  c r i t e r i o n  i s  a l l e v i a t e d  by the elevated oper- 
a t ing  temperatures, and t h e  mass t r a n s f e r  problems are not un l ike  those asso- 
c ia ted  with other  types of f u e l  c e l l s .  
i n  many respects  unique because of t h e  proper t ies  of t h e  molten carbonate 
e l e c t r o l y t e  and t h e  operating temperatures. 

both a s t r u c t u r a l  and chemical viewpoint i n  t h e  last 2 years.  Metal f o i l ,  
t h i n  film, s in te red  powder, and s in te red  f i b e r  s t r u c t u r e s  have been explored. 
Materials used i n  these invest igat ions have been platinum, n icke l ,  s i l v e r ,  
palladium and a l loys  of s i l v e r  and palladium. 

However, t h e  s t a b i l i t y  problems are  

A t  IGT a number of d i f f e r e n t  types of e lec t rodes  have been s tudied from 

Metal Foil Electrodes 

Hydrogen permeable metal f o i l s  have been used for some time in conjunc- 



t l o n  with commercial hydrogen pur i f ica t ion  rocesses, and much technical  
l i t e r a t u r e  on these materials i s  ava i lab le  74,7).  
concept of a metal f o i l  anode e a r l y  i n  i t s  program as  an expedient means f o r  
solving two problems associated with t h e  molten carbonate f u e l  c e l l ,  e lectrode 
flooding and corrosion. The first  f o i l s  s tudied were al loys of palladium 
and s i l v e r ,  of which t y p i c a l  performance 1s shown i n  Figure 1. Complete de- 
t a i l s  of t h e  I G T  palladium f o i l  f u e l  c e l l  have been published ( 9 ) .  Since 
the  anode in this c e l l  i s  n o t  permeable t o  the  reaction products, the  mass 
t ransport  processes a r e  very d i f fe ren t  from those associated with more con- 
ventional molten carbonate fue l  c e l l s .  A var ie ty  of experiments indicated 
t h a t  the  overal l  anode reac t ion  is s t rongly l imited by t h e  diffusion of 
react ion products, carbon dioxide and water, away from t h e  electrode.  The 
f a c t  that diffusion of hydrogen through t h e  f o i l  did not appear t o  be l imi t -  
ing led t o  experiments w i t h  pure palladium f o i l s  of poorer hydro en diffusion 
charac te r i s t ics .  
although a direct  comparison could not be made, because improvements i n  other  
c e l l  components were incorporated at t h e  same time. 

Silver-palladium diffusion f o i l  e lectrodes have operated continuously 
under 25 m a .  per sq. cm. load for  over 7 months without #apparent damage t o  
the  anodes. Unfortunately, these palladium diffusion f o i l  e lectrodes are too 
expensive for  gas industry use.  A t  present  other,  less expensive, hydrogen 
permeable f o i l  e lectrode matepials a r e  being investigated.  

Thin Film Electrodes 

IGT was a t t r a c t e d  t o  t h e  

Somewhat b e t t e r  c e l l  performance was observed ?Figure l), 

The use of metal f i l m  e lectrodes is economically a t t r a c t i v e ,  espec ia l ly  
i n  those cases where noble metals are needed. With semisolid e l e c t r o l y t e  
molten carbonate f u e l  c e l l s  it i s  possible  t o  use the  e lec t ro ly te ,  which a t  
suboperating temperature is a so l id ,  as t h e  support f o r  applying t h e  t h i n  
fi lm. Electrodes were appl ied by vacuum deposit ion and simple paint ing tech- 
niques. In  the  lat ter,  t h e  metal t o  be deposited e x i s t s  as a f i n e l y  dispers- 
ed p a r t i c l e  i n  an  organic binder.  
commercially available.  

s i l v e r  cathode. 
dissolut ion of the s i l v e r  in the  e lec t ro ly te .  
and Janz (8) have discussed t h i s  problem. S i lver  film electrodes (0.001 cm. 
thick)  prepared from commercial s i l v e r  paints  have performed over 4000 hours 
a t  600Oc. without apparent l o s s  i n  performance although some d isso lu t ion  of 
s i l v e r  i n  m e  eiecLroiyLe a i d  occur. ine r e i a t i v e i y  long i i F e L i m e  is  t t i i ra i -  
buted t o  t h e  fac t  t h a t  the  c e l l s  were operated a t  lower temperatures than 
those used i n  t h e  work of o thers  and were continuously under load; the  oxy- 
gen electrode i s  always cathodical ly  polarized,suppressing t h e  d isso lu t ion  
reaction. Moreover, cathodes were not  physically flooded t o  any s i g n i f i c a n t  
extent.  

The successes with t h e  s i l v e r  f i lm cathodes led to  experimentation with 
other metals i n  an e f f o r t  t o  develop a similar type of anode s t ruc ture .  
success was achieved i n  t h i s  area pr imari ly  because of el.-trode flooding. 
Results of various experiments are swmnarized i n  Table I. The best  r e s u l t s  
were achieved with vacuum-deposited palladium; however, t h e  c e l l  l i fe t imes  
obtained were only about 300 hours. 

Since performance decreases w i t h  load, anode flooding could have been 
caused e i t h e r  by carbonate ion t ransport ,  o r  by drag forces  exerted on t h e  
e l e c t r o l y t e  by the escaping reaction products. However, t h e  react ion prod- 
u c t s  do not cause cathode flooding when they are forced t o  escape through a 
fi lm cathode (by using a foil anode, which i s  impermeable t o  t h e  reac t ion  
products).  Hence, f loodinn must be associated with the d i rec t iona l  character  

A l l  solut ions used f o r  the  process were 

The f i r s t  experiments were directed toward development of a t h i n  f i lm 
The major ant ic ipated d i f f i c u l t y  i n  t h i s  instance w a s  the  

Douglas (5 ) ,  Broers ( 3 )  

- 

L i t t l e  

o f  ion ic  transport  phenomena. 
is  now in progress. 

A more de ta i led  invest igat ion of these e f f e c t s  
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Sintered Metal Electrodes 

ventional n i cke l  and s i l v e r  powder electrodes ava i lab le  from C l e v i t e  Corpora- 
t ion; and 2) nickel and palladium f iber  metal e lectrodes obtained from h o u r  
Research Foundation of Illinois I n s t i t u t e  of Technology. Early in the  study, 
it was observed that similar performances were obtained from bulk sintered 
silver and s i l v e r  f i lm  cathodes, and further research w i t h  the former was 
abandoned Fn favor of t he  more economic silver f i lm electrode.  

Two types of sintered metal electrodes have been inves t iga ted :  1) con- 

The high cos t  of palladium f o i l  anodes indicated that a new look at non- 
Early IGT attempts t o  use sintered n icke l  powder, noble metals w a s  r e w i r e d .  

described elsewhere (ll), indicated that severe corrosion problems existed. 
The most ser ious d i f f i c u l t y  a r i s e s  from d i r e c t  contact of the anode w i t h  t he  
oxygen from the  cathode because of a i r  leakage through t h e  e l ec t ro ly t e .  A 
second problem arises when t h e  anode i s  operated at po la r i za t ion  conditions 
such that electrochemical consumption of the n icke l  is possible .  A t  6OO0C., 
this polaxizat ion value is about 200 mi i l i vo l t s  below the  hydrogen consumption 

This phenomenon has been discussed recent ly  in some detail  by 
Broers 3 )  f o r  n i cke l  and i r o n  electrodes, and by Bloch (1) f o r  these and 

electrodes and improved e l ec t ro ly t e  structures have been operated at 5OO0C. 
over 1500 hours at current  dens i t ies  between 15 and 25 ma. per sq. cm., with- 
out ser ious n i cke l  corrosion. The lower operating temperature a l l e v i a t e s  t he  
d i r ec t  chemical corrosion problem, but reduces the  po la r i za t ion  zone in which 
the  anode can be sa fe ly  operated. 

In  order t o  determine the e f f ec t  of e lectrode s t ruc tu re  on c e l l  perfomn- 
ance, a number of recent  experiments w i t h  s in te red  fiber m e t a l  e lectrodes h v e  
been made. Typical r e s u l t s  comparing s in te red  powder and f i b e r  metal elec- 
trodes a r e  shown Fn Figure 2. So far, performance of fiber m e t a l  e lectrodes 
seems in fe r io r  t o  t h a t  of the  s intered powder types. However, the poss ib i l -  
i t i e s  of fiber m e t a l  s t ruc tu res  have been only supe r f i c i a l ly  explored, and 
more extensive research  is now in progress. 

potentiEl* other e ectrode materials. The most recent IGT experiments with n i cke l  metal  

The conclusions concerning electrode development met 

b Hydrogen permeable palladium-silver metal f o i l  e lec t rodes  
can be used f o r  long periods of t h e  (over 7 months) without apparent 
deter iorat ion.  

bThFn f i lm s i l v e r  cathodes, at 6oo0c., are r e l a t i v e l y  stable 
and make excel lent  low-cost s t ruc tures  f o r  the  molten-carbonate type 
f u e l  c e l l .  

flooded in proportion t o  the current dra in  on the c e l l .  

l5UO hours without appreciable corrosion under the  proper conditions. 

.Thin f i lm  anode s t ruc tures  a r e  unstable, beooming r ap id ly  

.Sintered powder n icke l  anodes can be operated f o r  at  l e a s t  

PASTE ELFCTROLYTE DEXEIDPMENT 

I n  molten carbonate f u e l  c e l l s ,  the e l ec t ro ly t e  can exist: 1) as a f r e e  
l iqu id  between appropriate  e lectrode s t ruc tures ;  2) contained in a p r e s h t e r e d  
porous lner t ' rna t r ix j  3 )  b e d  with an i n e r t  powder t o  form a pasty s t ruc tu re  
above the  m e l t i n g  po in t  of t h e  carbonate mixture. 
problems associated w i t h  sea l ing ,  s t a b i l i t y ,  contacting, and f ab r i ca t ion  
techniques, the first two approaches h a v e  been abandoned Fn favor  of the paste  
e lec t ro ly te .  

by cold-pressing, hot-pressing, hot i n j ec t ion  or extrusion,  and other  spec ia l  
techniques, some o f  which have been described i n  some detai l  by other  workers 
(lo). 
explored, s ince these cons t i tu ted  the b u l k  of the IGT e f f o r t .  

lithium-potassium carbonates were used in a l l  experiments. 

Because D f  technological 

Paste e l ec t ro ly t e s  fo r  the  molten carbonate f u e l  c e l l s  can be prepared 

In  this paper, only var ia t ions  in cold-pressing techniques w i l l  be 

Binary and te rnary  eu tec t i c s  of sodium-lithium carbonates and sodium- 
The t e rnmy 
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e u t e c t i c  m e l t s  a t  about 100°C. below the  binary mixture, and thus allows the  
construct ion of lower temperature c e l l s .  Typical 1000-cycle c e l l  resis- 
t i v i t i e s  of 9 and 7 ohm-cm. were obtained f o r  50 weight ',% mixtures of terna- 
r y  carbonate i n  magnesium oxide at 500° and 6oo0c., respect ively.  Thir ty  
weight $ mixtures of binary carbonate e u t e c t i c  exhibited c e l l  r e s i t i v i t i e s  
in t h e  neighborhood of 11 ohm-cm. at 600OC.  For the most par t ,  c e l l  redst-  
ances were dependent only on e lec t ro ly te  mixtures  and not on t h e  electrode 
s t r u c t u r e  employed. 

The e l e c t r o l y t e  matr ix  employed was determined by t h e  anode s t ruc ture .  
I n  t h e  case of  t h e  hydrogen-permeable f o i l  anodes, 30 weight $ molten carbon- 
ate disks  were prepared with 70% coarsely grained magnesium oxide as i n e r t  
cons t i tuent .  T h i s  cold-pressed d isk  had a density of 70$,of t h e  t h e o r e t i c a l  
after f i r i n g .  
p o t e n t i a l ,  but under load they polarized more heavily than t h e  70% densi ty  
disk.  Thus, i n  t h e  case of  f o i l  anodes, where react ion products must escape 
through t h e  e l e c t r o l y t e  v i a  t h e  cathode, densif icat ion of e l e c t r o l y t e  would 
be detr imental .  

Denser e l e c t r o l y t e  compositions showed b e t t e r  open-circuit  

With t h e  s in te red  metal electrodes,  espec ia l ly  those consis t ing of  non- 
noble metals ,densif icat ion of the  e l e c t r o l y t e  is important and increases both 
lifetime and performance c h a r a c t e r i s t i c s  of t h e  f u e l  c e l l .  
ments with nickel  e lec t rodes  and 70% density paste  e l e c t r o l y t e  exhibi ted l i f e -  
times of t h e  order of  100 hours. By increasing the  density of p a s t e  e lectro-  
lyte t o  about 80% of t h e  t h e o r e t i c a l ,  IGT'has  achieved lifetimes of 1500 hours. 
Increasing e l e c t r o l y t e  dens i ty  a l s o  increases both the  load and open c i r c u i t  
p o t e n t i a l  by about 200 m i l l i v o l t s .  E lec t ro ly te  densif icat ion can be achieved 
by repeated crushing and gr inding procedures i f  care  is taken t o  avoid metal l ic  
contamination. Also, it is advantageous t o  increase t h e  t o t a l  carbonate con- 
t e n t  o f  t h e  m i x t u r e  by t h e  use of small grained (less than 1 micron) mawesi- 
um oxide, which has a g r e a t e r  m e l t  r e ten t ion  capacity. 

I n i t i a l  experl- 

Recent experiments, in which cold-pressed and f i r e d  disks  a re  heated t o  
within f i v e  degrees of t h e  melting point of t h e  carbonate eu tec t ic  and then 
hot-pressed at  moderate pressures ,  ind ica te  t h a t  disks with 96% of t h e  theo- 
r e t i c a l  densi ty  can be prepared. 

The conclusions concerning pas te  e lec t ro ly tes  are: 

b High-density e l e c t r o l y t e  pastes are detrimental  t o  t h e  
performance of fuel c e l l s  using hydrogen-permeable f o i l  anodes. 

b I n  al l  other  cases  high-density pastes  are e s s e n t i a l  f o r  
achieving reasonable c e l l  l i fe t imes .  

b Cold-pressed d isks  can achieve a m a x i m u m  densi ty  of about 
8% by r e p e t i t i v e  crushing and grinding techniques. 

b Hot-pressing previously cold-pressed disks  a t  a few 
degrees below the melting poin t  causes s ign i f icant  dens i f ica t ion  t o  
take  place.  

NATURAZ, GAS REFORMING 

Four modes of operat ion are t h e o r e t i c a l l y  possible  f o r  n a t u r a l  gas u t i -  
l i z a t i o n  i n  a molten carbonate f u e l  c e l l  system: 

1) Direct electrochemical 'oxidation of methane. 
2)  In  s i tu  reforming of methane and steam on t h e  anode, and 

electrochemical oxidation of t h e  carbon monoxide a d  hydrogen thus 
formed. 

3 )  In  s i t u  c a t a l y t i c  reforming of methane and stem in t h e  anode 
chamber and electrochemical oxidat ion of t h e  carbon monoxide and hydrogen 
thus  formed. 
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4) External c a t a l y t i c  reforming of methane and steam, followed 
by electrochemical oxidation of hydrogen o r  hydrogen-caxbon monoxide 
mixtures i n  the f u e l  c e l l .  

Scheme 1 has been found unacceptable because of t h e  electrochemical 
iner tness  of methane even a t  r e l a t i v e l y  high temperatures and t h e  occurrence 
of Carbon deposition when methane alone is present at these temperatures. 

ing  (75OOC.) i s  higher than t h a t  needed f o r  electrochemical oxidation of 
hydrogen. This places an undesirable high operat ional  temperature handicap 
on t h e  f u e l  c e l l .  Moreover, t h e  presence of excess steam reduces t h e  elec- 
t rode performance (6) .  Final ly , i t  i s  very d i f f i c u l t  t o  design an electrode 
which is ef fec t ive  both as an electrochemical element and as a reforming 
ca ta lys t .  

drawbacks as Scheme 2, except t h a t  t h e  electrode would not be required t o  
function both electrochemically and as a reforming ca ta lys t .  

Scheme 4 has been adopted by IGT as t h e  most feas ib le ,  s ince  it permits 
separate optimization of f u e l  c e l l  and reformer u n i t s .  It permits accurate 
control  o f  the composition of the input  gas t o  t h e  fuel c e l l  and allows t h e  
c e l l  t o  be ogerated e f fec t ive ly  at s u b s t a n t i a l l y  lower temperatures (between 
500' and 600 C.), 
electrode s t a b i l i t y  and t h e  l i fe t imes  of t h e  materials of construction. 

The drawback of  separate  fuel c e l l  and reformer u n i t s  i s  a reduction of 
the  overa l l  system eff ic iency i n  t h e  case where t h e  f u e l  c e l l  is operated at 
a lower temperature than the  reformer. Theoretically,  t h i s  reduction can be 
shown t o  be about 10% f o r  a reformer operat ing a t  750'C. and a fuel c e l l  
operating at 500%. 
arises from the unavai lab i l i ty  of t h e  low-quality w a s t e  heat of the fuel c e l l  
f o r  supply of the heat of react ion f o r  t h e  reforming operation. 
prac t ice  o ther  losses  might be incurred when two u n i t s  are used because of t h e  
ineff ic iency of the  heat t r a n s f e r  processes.  However, s ince  t h e  10% reduction 
figure quoted above i s  based on t h e  comparison of maximum t h e o r e t i c a l  e f f i -  
ciencies f o r  the two systems and s ince t h e r e  is a l a r g e  amount of unused 
low-quality heat ( 50OoC.  ) i n  the  dual-temperature model, it is more l i k e l y  
t h a t a n e f f i c i e n c y  c loser  t o  t h e  t h e o r e t i c a l  maximum can be achieved with this 
model. 

mixture more than compensate f o r  t h e  engineering and t h e o r e t i c a l  losses  
resu l t ing  from the  dual system mode of operation. 
i s  shown between the  performances of a f u e l  c e l l  at 500'C.~supplied with 
ex terna l ly  reformed na tura l  gas, and of a f u e l  c e l l  a t  750'C. with t h e  equiv- 
a len t  methane-to-water r a t i o  f o r  i n  s i t u  reforming. 
figure is the experimentally observed r a t i o  of e f f i c i e n c i e s  of t h e  two systems. 
This r a t i o  was computed from t h e  products of t h e  experimental Faradaic 
e f f ic iency  and voltage eff ic iency of t h e  two c e l l s .  
not considered i n  this figure. 
ing,performance in terms of e f f ic iency  is almost 2.5 times grea te r  a t  
p r a c t i c a l  current densi t ies .  

Reformer design for  natural gas is  w e l l  known,and many excel lent  reform- 
ing ca ta lys t s  are commercially avai lable .  
t h e  corresponding reformer u n i t s  are only a small f rac t ion  of  f u e l  c e l l  hard- 
w a r e  costs.  The incorporation of t h e  reformer i n t o  t h e  n a t u r a l  gas f u e l  c e l l  
system i s  readi ly  achieved. 

molten carbonate f u e l  c e l l s  seems j u s t i f i e d  on t h e  b a s i s  of t h e  improved 
experimental performance of t h i s  system over i n  s i t u  reforming, as w e l l  as 
t h e  more moderate operating temperatures it imposes on t h e  f u e l  c e l l .  

Scheme 2 is  undesirable because t h e  temperature required f o r  t h e  reform- 

Scheme 3 is  r e l a t i v e l y  unexplored but would be characterized by the  same 

The lower operating temperatures f o r  t h e  fuel c e l l  enhance 

The loss i n  e f f ic iency  f o r  t h e  dual temperature system 

I n  ac tua l  

The higher voltage e f f ic ienc ies  experimentally achieved with t h e  reformed 

I n  Figure 3 a comparison 

A l s o  shown i n  this 

Thermal ineff ic iency i s  
It i s  s i g n i f i c a n t  that with ex terna l  reform- 

The cos ts  o f  these c a t a l y s t s  and 

It may be concluded that the  use of ex terna l  reforming with na tura l  gas 
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BAT'IERY DESIGN AND SCALE" 

The progress made i n  o ther  areas of t h e  molten carbonate fuel c e l l  
development indicated t h a t  some a t ten t ion  should be given t o  t h e  problems 
associated with ba t te ry  design and scaleup. The first s tep  i n  t h e  process 
was the  assembl of a b a t t e r y  consis t ing of several  small laboratory c e l l s  h 
s e r i e s  (Figure 31). No d i f f i c u l t i e s  were encountered i n  t h i s  r e l a t i v e l y  simple 
t rans i t ion ,  and next t h e  more formidable problem of scaleup w a s  attacked. The 
long-l i fe  performance of t h e  s i l v e r  film cathode and palladium-silver foil 
anode indicated t h a t  these  p a r t i c u l a r  compounds were the  best adapted f o r  
scaleup techniques. 
s ize  of t h e  e l e c t r o l y t e  d i s k s  from the  3-inch diameter laboratory d isks  t o  
the  6-inch square dimensions chosen f o r  t h e  ba t te ry  development program. 
order t o  achieve t h e  same e l e c t r o l y t e  propert ies  developed with t h e  smaller 
c e l l s  a one million-pound press  was required f o r  t h e  pas te  e l e c t r o l y t e  fabr i -  
cation. Special  d i e  f ix tures  were designed,and t h e  la rger  e l e c t r o l y t e  bodies 
were fabricated without d i f f i c u l t y .  

The g r e a t e s t  problems were expected with Increasing the 

I n  

Components f o r  the  new ba t te ry  are shown i n  Figure 5, and a ten-ce l l  
bat tery buil t  from t h e  components i s  shmn i n  Figure 6. 
bled at room temperature and moderately t ightened. 
600°C.,and t h e  final s e a l i n g  i s  accomplished when t h e  paste  e l e c t r o l y t e  is i n  
a semisolid s t a t e .  The b a t t e r y  can now be thermally cycled between ambient 
and operating temperatures without damage or  fur ther  adjustment. 
t i g h t  assembly has not  yet  been achieved, but this represents only a slight 
loss i n  f u e l  efficiency. Complete sealing is  ant ic ipated in f u t u r e  designs. 

The ba t te ry  is assem- 
It is then heated t o  

A 100% leak- 

As seen in Figure 5 ,  the cathode compartment is open t o  t h e  atmosphere. 
This design feature  is essential f o r  any p r a c t i c a l  molten carbonate fuel c e l l  
system. The mode of  operat ion of t h e  b a t t e r y  is a d i rec t  carryover from t h e  
laboratory models and i s  shown schematically in Figure 7. A port ion of t h e  
Incoming methane i s  burned d i r e c t l y  i n  a burner underneath t h e  f u e l  c e l l  
battery.  Another port ion of  t h e  methane i s  passed through ac t iva ted  carbon 
t o  remove su l fur  compounds and, a f t e r  steam addition, through t h e  reformer 
containing commercial n i c k e l  ca ta lys t .  

The hot f lue  gas, containing excess air, carbon dioxide and water, rises 
by natura l  convection;in passing by the  reformer, t h e  f l u e  gas drops 
temperature t o  sustain t h e  endothermic reforming reaction. The f l u e  gas then 
en ters  the  open cathode chambers, rises through t h e  f i e 1  c e l l ,  and supplies 
the  oxygen and carbon dioxide needed t o  maintain t h e  cathodic react ion.  The 
-.-t;ter -;zpx i;, t h ~  fl-c gzz !IZZ 22 -.'verse effect nn the piel cell reactton. 
To conserve fuel  and carbon dioxide, the spent anode gases should be recycled 
t o  t h e  burner. 

in 

Battery performance is shown i n  Figure 8. Faradaic e f f ic ienc ies  as high 
as 40% have been achieved i n  this apparatus although complete system e f f i c i e n -  
c ies ,  as m i g h t  be expected i n  such a small bat tery,are  very low. 

Some conclusions a r r i v e d  at  in bat te ry  design are: 

b Operation of a mul t ip le -ce l l  ba t te ry  molten carbonate 
f u e l  c e l l  has been demonstrated. 

b A mode of  operat ion comprising a gas burner-reformer-open 
cathode f u e l  c e l l  has been defined. 

ECONOMIC EVALUATION 

I n  order  to  evaluate  t h e  economics of  a fuel c e l l  system both its appl i -  
cat ion and design must be considered. VonFredersdorff ( 1 2 )  has outlined t h e  
economics of the domestic f u e l  c e l l  appl icat ion i n  considerable detail. 
t h i s  sect ion a br ie f  descr ipt ion of t h e  economics of f u e l  c e l l  hardware as a 
function of i t s  operating c h a r a c t e r i s t i c s  w i l l  be presented. 
c e l l  hardware depends on t h e  cost of materials 

In  

and cost  of manufacturing. 
The cost  of f u e l  
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Since manufacturing cos ts  a r e  d i f f i c u l t  t o  estimate at this e a r l y  s tage of 
developent ,  only t h e  mater ia l  costs  for the  most recent  IGT design will be 
evaluated. 
w i t h  two significant changes. Nickel e lectrodes are used i n  p lace  of t h e  
expensive silver-palladium f o i l  and a para l le l ,  dual element, geometry is  
chosen in place of t h e  bipolar  flange. 
eliminate the  flange completely from the  fuel c e l l  design, using t h e  electrode 
itself as a s t r u c t u r a l  element. 

bat tery are given. 
10s of t h e  t o t a l  t o  cover miscellaneous materials, were used t o  compute t h e  
curves in figure 9. I n  t h i s  f igure ba t te ry  material c o s t s  are p l o t t e d  as a 
function of current densi ty  at constant voltage f o r  various s ing le-ce l l  
potent ia ls .  The dashed l i n e  represents the  I G T  fuel c e l l  performance curve. 
Since f u l l y  manufactured b a t t e r i e s  at $300 per kilowatt  are reasonable f o r  
domestic f u e l  c e l l  applications,  an increase in c e l l  performance by a f a c t o r  
of about two i s  necessary. 

charac te r i s t ics  of t h e  molten carbonate f u e l  c e l l s  are required t o  bring t h e m  
within the  economic framework of domestic applications.  

The design model is s imi la r  t o  t h a t  described in  t h e  last section, 

The e f f e c t  o f  this last change is t o  

In Table 11, t h e  itemized cost of the  various materials used in t h e  IGT 
These costs,  plus  t h e  costs  o f  fittings and an addi t ional  

It may be concluded that only moderate improvements i n  voltage-current 
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Table I.-PERFORMANCE O F  POROUS NOBLE MFllAL ANODE FILMS 

Performance Decay, * 
Anode Preparat ion hr. C e l l  

Material Method 90% 75% Lifetime, hr. 

P t  Paint  15 
Ag-Pt Paint  4 
Pt  Paint  40 
Pd Paint  26 
Pd Paint  17 
Pd P a i n t  15 
Pd Vacuum 100 

Deposited 

85 108 
17 4 1  
57 66 
60 138 
42 95 
45 72 
Not 293 

DstermSned 

* Time t o  reach 90% and 75% of initial performance 

Table II.-FUEL CELL HARUWARF: COSTS 

cost Material 

Electrolyte  pas te  - 100 mil t h i ck  $ 0.37/sq. f t .  

O.l4/sq. ft.  Nickel anode - 25 mil t h i ck  
S i lver  cathode - 0.4 mil t h i ck  0.43/sq. f t .  
Carbon s t e e l  anode curren t  0.16/sq. ft. 

S ta in less  S t e e l  cathode current  ' 1.18/sq. ft. 

Sta in less  steel frame - 125 mil thick 

- 
( MgO-Na~C03-&C0~-Li2COa) 

co l lec tor  - 18 GA. 

col lec tor  - 18 GA. 

0.14/ft. 
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Fig. 2 , - E F F E C T  O F  D I F F E R E N T  ANODES O N  
HIGH-TEMPERATURE F U E L  CELL PERFORMANCE 
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F i g ,  3 -COMPARISON S E T W E E N  EXTERNAL AND 
IN SITU REFORMING O N  F U E L  C E L L  PERFORMANCE 

CURRENT DENSITY, AMP/SQ FT 

Fig. 9 . -  ECONOMICS O F  IGT HIGH-TEMPERATURE 
M O L T E N  GARBONATE F U E L  C E L L  FOR 

CONSTANT BATTERY VOLTAGE 

1 

i 



I' 

\ 
i 

i 

\\ 

- L .. . . - .  ... .. . __ - _  - . . -. . . ... . .. . 

Fig. 4.-LABOlUTORY SIZE IGT HIGH-TEMPERATURE 
FUEL CELL BATTERY 
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Fig. 6.-IGT HIGH-TEMPERATURE FUEL CELL BATTERY 
AND REFORMER 
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LTEN CARBONATES 

MAGNESIA POWDER) 

1 JL - NATURAL GAS 

F i g .  7 .  -SCHEMATIC REPRESENTA'i'ION O F  
IGT HIGH-TEMPERATURE NATURAL GAS FUEL CELL SYSTEM 

Fig.  8 . - P E R F O R M A N C E  OF 10-CELL HIGH-TEMPERATURE 
FUEL C E L L  BATTERY 


